The NVH characteristics of a modern, aluminum block, V-6 engine were shown to be nearly equivalent when a cast ductile iron crankshaft with multi-mode damper was substituted for the production, forged steel crankshaft with conventional, single torsional mode damper. This result contradicts the traditional thinking that suggests forged steel crankshafts produce better NVH characteristics than ductile iron crankshafts. Also, a lightweight, cast ductile iron crankshaft with multi-mode damper showed only slightly inferior NVH characteristics than the production, forged steel crankshaft with single torsional mode damper. The substitution of cast ductile iron for forged steel can also result in significant cost and weight savings.
BACKGROUND
The recent trend in automotive crankshaft design has been to replace cast ductile iron with forged steel. Often, the decision to switch is based on an anticipated NVH benefit due to the higher elastic modulus of steel. However, the use of forged steel crankshafts produces the following significant penalties: 1) higher cost ($30-35 per crankshaft) due to higher material, production and machining costs and, 2) higher weight due to the higher density of steel and the difficulty of producing lightweight (hollow) features.
In the early 1990s, Sumitomo Metal Industries presented data comparing the NVH performance of forged steel crankshafts to cast ductile iron crankshafts [1] . In their study, a forged steel crankshaft produced 2-3 dB less noise at a distance of 1 meter from the right side of the cylinder block. No mention of torsional vibration dampers was made in their study.
There is little published data that comprehensively discusses the combined effect of crankshaft material and damper design on engine NVH performance. However, one general reference on engine technology does discuss the individual effects of crankshaft material and dampers [2] . In Chapter 3, "Engine Balance and Vibration", of this reference, engine vibration is divided into two causes: 1) vibration of the engine as a rigid unit (these vibrations would be caused by unbalanced components), and 2) vibration of engine components due to elastic deformation of the component materials. The vibrations involving elastic deformation are the basis of the claim that steel components (elastic modulus = 205 GPa) should perform better than ductile iron components (elastic modulus = 168 GPa).
The fallacy of this claim is in ignoring the effects of rotating mass and vibration dampers. Since ductile iron is less dense than steel (~7.1 g/cm 3 and ~7.86 g/cm 3 , respectively), a ductile iron crankshaft of identical design will have less rotating mass (crankpin mass) with which to develop torsional vibrations. Also, a crankshaft can be cast with hollow pins, which allows further reductions in rotating mass compared to forgings. Torsional vibration dampers are also commonly used to reduce vibrations. Dampers reduce the effect of critical vibrations by absorbing and dissipating torsional vibration energy. Further, dampers can be designed to reduce bending vibrations. For a fair comparison of crankshaft materials, dampers must be developed for each crankshaft design and material tested.
Previous studies on the effect of crankshaft material on NVH have not properly addressed the role of damper design. The purpose of this program was to determine the potential of producing similar NVH characteristics by substituting a cast ductile iron crankshaft with a suitably designed damper for a production, forged steel crankshaft with a conventional damper.
A Ford, Duratec, 2.5 liter, V-6 engine, which has an aluminum cylinder block and forged steel crankshaft, was chosen for this study. Ricardo, Inc. measured and reverse engineered the production crankshaft and then developed two new crankshaft designs; a direct copy of the production, forged steel design and a four counterweight, hollow pin, lightweight design. Intermet designers took the preliminary crankshaft designs and produced final casting designs. Intermet designers also demonstrated potential reductions in machining by developing the lightweight version as a cheekless and topless design. The Intermet Research Foundry developed the material specification and produced prototype castings. Kellogg Crankshaft Company machined the crankshafts and Hegenscheidt-MFD performed fillet rolling. Ricardo, Inc. performed NVH testing on the production engine and predicted the performance of the ductile iron crankshaft designs with and without dampers. Using Ricardo's predictions, dampers were developed by Simpson Industries, Inc. The program was brought to a conclusion when Ricardo, Inc. performed NVH testing on the engine after being rebuilt with the new crankshaft-damper combinations.
PROCEDURE
BASELINE NVH TESTING -NVH testing was performed according to SAE J-1047. Since a Ford engine controller was not available, an IC 5460 engine controller was used. Fuel and ignition timing were controlled to match the published torque and power curves. A pressure transducer was added to one of the combustion chambers to insure that engine performance would be reproducible. Two different encoders, which feed a signal to the engine controller, had to be used to accommodate the original stock engine configuration and the new ductile iron crankshaftdamper combinations. The new crankshaft-damper configurations required an encoder with slip ring so that both torsional and bending vibrational data could be gathered.
Both engine configurations were tested in the same ISO3745 hemi-anechoic test cell with an 80 Hz cut-off frequency. Environmental controls, intake air temperature, oil temperature and coolant temperature were repeated for all build conditions. Testing equipment remained the same for all build conditions and included:
• Bruel & Kjaer prepolarized free-field ½-inch microphones -type 4188
• Bruel & Kjaer preamplifiers -type 2669
• Bruel & Kjaer dual microphone power supplies -type 5935
• Bruel & Kjaer triaxial accelerometers -type 2635
• Bruel & Kjaer conditioning charge amplifiers -type 2635
• PCB triaxial accelerometer -type 356A11
• PCB 16-channel signal conditioner -type 584
• Hewlett Packard C-200 Unix workstation running LMS software DATA ACQUISITION -The NVH data was collected using the same procedure and equipment for all crankshaft-damper combinations. The NVH data consisted of sound pressure levels collected according to SAE Procedure J-1074. The engine test setup including microphones is shown in Figure 1 . Acceleration measurements at the main bearing caps were made with stud mounted Bruel and Kjaer accelerometers. The accelerometer mass of 55 grams was neglected because this study was based on relative comparisons. The engine was installed to the pallet with the front upper engine-to-vehicle mount while the rear utilized a bellhousing plate attached to the pallet via two Metalastik Cushyfoot mounts. Engine side mount vibrations were taken at engine-to-vehicle mounting locations. Typically, engine mount vibration measurements would utilize factory mounts, with suitable stiffening, to the pallet side mounting structure. Pallet stiffness and mounting systems were neglected (held constant) and a relative comparison was thus possible.
On the base engine, crankshaft torsional vibration was measured using a Ricardo procedure. This procedure used a tone wheel with proximity probes. Two probes were used to eliminate bending effects.
On the rebuilt engines, crankshaft vibration data was gathered using a different procedure, which was compatible with Simpson Industries' signal processing equipment. Here, an encoder and triaxial pickup were interfaced with Simpson equipment to gather both torsional and bending data.
Care was taken to minimize the differences in mass, inertia and center-of-gravity (cg) for the encoder data acquisition equipment to minimize unwanted effects on crankshaft performance. There was less than a 5% difference in mass, inertia and cg for the different encoderdata acquisition systems used. The crankshaft and damper were considered as a system and the mass, inertia and cg on the instrumentation were taken off of the front face of the damper.
CRANKSHAFT DESIGN -Ricardo, Inc. reverse engineered the production crank using a C100, CMM machine. Required dimensions that were beyond the accuracy of the CMM were measured manually. Once completely characterized, a solid (CAD) model of the production crankshaft was constructed. This model was then utilized in the further design and analysis of the crankshafts.
Two ductile iron crankshaft designs were developed in this work: a conventional, straight copy of the ninecounterweight, production, forged steel crankshaft and an aggressive, four-counterweight, hollow pin, lightweight design.
Since engine NVH is strongly affected by bearing clearance, steps were taken to provide a fair comparison between the forged steel and ductile iron crankshafts. First, bearing bore diameters were kept constant (i.e., no modifications to the block and connecting rods were performed). Second, based on measured operating temperatures, main journal bearing diameters for the ductile iron crankshafts were modified to maintain "hot running" bearing clearances that were consistent with the forged steel crankshaft.
ANALYSIS -The solid models were used to generate finite element models for each crankshaft. A coarse model was used to calculate mass and stiffness data.
This data was then used as input into Ricardo's engine dynamics code, ENGDYN, for oil-film analysis and crankshaft loading as well as for input into TVFORCED, Ricardo's torsional vibration analysis code. A second, more detailed finite element model was constructed for finite element analysis to predict material requirements.
OIL-FILM ANALYSIS AND CRANKSHAFT LOADING -
The conventional, straight copy, ductile iron crankshaft design had the same calculated oil film thickness characteristics as the production, forged steel crankshaft, while the aggressive, four-counterweight, lightweight design had worse, but acceptable, minimum oil-film thickness, Figure 3 . Crankshaft loads generated during this analysis were used in the subsequent structural analysis of the crankshafts.
STRUCTURAL ANALYSIS -Analysis of the conventional, straight copy, ductile iron crankshaft design indicated that the fillet on the #6 pin had the highest stress. The aggressive, lightweight design indicated a 17% higher stress at the same fillet. According to the analytical modeling, an improvement of 70% in fatigue strength due to fillet rolling would be necessary to allow the use of D5506 ductile iron. Hegenscheidt-MFD Corp. estimated that fatigue life could easily be improved by 70-100% based upon crankshaft undercut geometry, material and deep rolling force. For this application, hardness ranges of 220-255 BHN and 241-255 BHN were established for the conventional, straight copy and aggressive, lightweight ductile iron crankshaft designs, respectively. The typical hardness range for D5506 ductile iron, a grade frequently used for crankshafts, is 187-255 BHN [3] .
TORSIONAL VIBRATION ANALYSIS -Using mass and stiffness data generated from the finite element analysis, a torsional model of the production crankshaft and damper system was constructed. The analytical results were then used as "targets" for the development of suitable torsional dampers for the ductile iron crankshafts. Torsional models of the ductile iron crankshafts were constructed and analyzed in similar fashion in an effort to provide design direction for damper development.
Simulations of the ductile iron crankshafts involved a number of steps. The first was to evaluate whether the production damper would be suitable for the ductile iron crankshafts. However, due to the expected shift in the first torsional mode as a result of changed material properties, this was deemed not possible. Next, attempts were made to "tune" a single torsional mode damper such that the ductile iron crankshaft torsional behavior approached that of the forged steel crankshaft. Analytical results indicated that a single torsional mode damper would not reach the "target" behavior. Therefore, a dual torsional mode damper was simulated. The results showed that a dual torsional mode damper provided a torsional system that approached that of the baseline "target" as shown in The need for dual inertias negatively affected mass for the ductile iron crankshaft-damper combinations. A dual torsional mode damper can be twice as heavy as a single torsional mode damper, and will typically cost more, but the cost increase is only a fraction of the difference in crankshaft production cost.
MULTI-MODE DAMPER DESIGN -Based on Ricardo's analytical modeling and experimental data, Simpson Industries, Inc. developed a "tuning" library of four dampers for the ductile iron crankshafts. As predicted necessary by Ricardo simulation, each damper assembly was designed to include separate inertia members for each of the first two torsion modes of the ductile iron crankshafts. Bending mode optimization features, in accordance with Simpson Industries, Inc. patented technology [4] were utilized to provide for simultaneous control of both torsion and bending of the crankshaft within each inertia member. Axially bolted construction enabled separation of the damper "halves", each of which was configured to maintain consistent inertia and torsional frequency while providing a range of four different bending frequencies. Using this method of construction, as many as sixteen combinations of damper bending frequencies could be assessed. The resulting multi-mode dampers were optimized for size to minimize packaging issues but were not optimized for mass. All dampers were designed and produced by Simpson Industries, Inc. 
RESULTS

COMPARISON OF CRANKSHAFT DESIGNS -Cast ductile iron crankshafts offer both cost and mass savings
compared to forged steel crankshafts. A comparison of crankshaft mass (before and after machining), damper mass, and total system mass (crankshaft plus damper) is shown in Table I . As would be expected, the crankshaft mass difference between forged steel and the conventional (direct copy) ductile iron was 10%, which was due simply to the difference in density between steel and ductile iron. The lightweight ductile iron design showed a much greater mass difference (26%) compared to forged steel, and also demonstrated the reduction in machine stock that was possible with cheekless and topless casting design. The total system mass (machined & balanced crankshaft plus damper) showed the conventional ductile iron to be slightly heavier (0.45 kg) and the lightweight ductile iron to be significantly lighter (2.35 kg) than the production forged steel. As noted previously, the dampers were not optimized for mass, which suggests that a conventional, ductile iron crankshaft with multimode damper should have approximately the same total mass as a forged steel crankshaft with a conventional, single torsional mode damper.
As previously mentioned, engine NVH is strongly affected by bearing clearances. Therefore, based on measured operating temperature, the main journal bearing diameters for the ductile iron crankshafts were modified to maintain consistent "hot running" bearing clearances to provide a fair comparison between the production forged steel and the ductile iron crankshafts. The dimensions of the mains and pins for the tested crankshafts are shown in Tables II and III, Comparison of crankshaft pin diameters (mm).
NVH RESULTS -CONVENTIONAL DUCTILE IRON VS FORGED STEEL -Sound pressure measurements demonstrated that the conventional, ductile iron crankshaft with a multi-mode damper tuned to torsional frequencies of 209 and 309 Hz produced similar noise levels over an rpm range of 1000-6500 compared to the production, forged steel crankshaft with single torsional mode damper. Overall sound pressure levels are shown in Figures 6 and 7 for four locations around the test engine. The front microphone showed higher sound pressure levels within the 5000-6000 rpm range for the ductile iron crankshaft. Typically, front and top microphone measurements would be least affected by crankshaft dynamics. Due to data acquisition sampling rates, the 3250-3750 rpm range showed a slight variance in the overall sound pressure levels for all data channels. This was caused by the switching of the secondary throttle plates (imrack) used to vary intake runner lengths in this engine. Bedplate acceleration measurements demonstrated that the conventional, ductile iron crankshaft with multi-mode damper produced very similar or slightly lower accelerations over an rpm range of 1000-6500 compared to the production, forged steel crankshaft with single torsional mode damper. Bedplate accelerations in the x (along crankshaft axis), y (side to side) and z (vertical) directions at each main bearing location are shown in Figures 8-11 .
Engine mount acceleration measurements demonstrated that a conventional, ductile iron crankshaft with multi-mode damper produced similar or slightly lower accelerations over an rpm range of 1000-6500 than the production, forged steel crankshaft with single torsional mode damper. Engine mount accelerations in the x (along crankshaft axis), y (side to side) and z (vertical) directions at each engine mount location are shown in Figures 12-14 .
NVH RESULTS -LIGHTWEIGHT DUCTILE IRON VS FORGED STEEL -Compared to the production, forged steel crankshaft with single torsional mode damper, sound pressure measurements demonstrated that a lightweight, ductile iron crankshaft with a multi-mode damper tuned to torsional frequencies of 209 and 309 Hz produced similar noise levels at all microphone locations over an rpm range of 1000-2000, higher sound pressure levels at the top microphone location over the rpm range of 4500-6000, and higher sound pressure levels at the right and front microphone locations over the rpm range of 2000-6000 rpm. As previously mentioned, front and top microphone measurements would typically be least affected by crankshaft dynamics. Overall sound pressure levels are shown in Figures 15 and 16 for four locations around the test engine. As previously mentioned, data acquisition sampling rates caused a slight variance in the overall sound pressure levels for all data channels in the 3250-3750 rpm range. 
EXPERIMENTAL ERRORS
Despite our best efforts, there were errors or compromises made during this program. The "errorscompromises" include: 1) the damper on the production engine used in the baseline NVH testing was not optimized since mass (an encoder and adapter) were added to the end of the forged steel crankshaft to allow testing, 2) the dampers on the ductile iron crankshafts were optimized for an engine with encoder and adapter in place, 3) the dampers developed for the ductile iron crankshafts were not restricted to designs that would fit on a production vehicle and 4) clutch plate and transmission inertias were neglected.
SUMMARY AND CONCLUSIONS
1. A cast ductile iron crankshaft with suitably designed damper can be optimal for cost, weight and NVH.
2. A conventional, cast ductile iron crankshaft with a suitably designed damper can produce similar NVH performance (overall sound pressure levels, bearing cap accelerations, and engine mount accelerations) compared to a forged steel crankshaft with a single torsional mode damper.
3. A lightweight, cast ductile iron crankshaft with a suitably designed damper can produce similar or only slightly inferior NVH performance (overall sound pressure levels, bearing cap accelerations, and engine mount accelerations) compared to a forged steel crankshaft with a single torsional mode damper.
